Here we report a striking effect displayed by "modular primers," which consist of hexamer or pentamer oligonucleotide modules base-stacked to each other upon annealing to a DNA template. Such a combination of modules is found to prime DNA sequencing reactions uniquely, unlike either of the modules alone. We attribute this effect in part to the increase in the affinity ofan oligonucleotide for the template in the presence of an adjacent module. All possible pentamer (or hexamer) sequences total 1024 (or 4096) samples, a manageable size for a presynthesized library. This approach can replace the synthesis of primers, which is the current bottleneck in time and cost of the primer walking sequencing, and can allow full automation of the closed cycle of walking.
In most strategies of DNA sequencing, such as random "shotgun" or nested deletion subcloning, the major bottleneck in efficiency is not the stage of sequencing per se but, rather, the "front end" (subcloning and template preparation) and/or the "back end" (integration of sequences from individual shotgun runs). In contrast, sequencing by primer walking minimizes the front and back end problems, using the same template many times in a processive manner, with a new primer for each run. But it presents its own bottleneck in terms of time and cost-the primer synthesis step. This step produces a huge excess, of about six orders of magnitude, of the synthesized primer (0.2-1.0 ,umol) over the amount needed for a typical sequencing reaction (0.5 pmol). Studier (1) suggested to eliminate the need for synthesis of walking primers by building a library of presynthesized short oligonucleotides (8-mers and/or 9-mers, the shortest primers expected to be unique for plasmid size templates), but the size of such a potential library, even an incomplete one, is problematic. Szybalski (2) proposed that two hexamers be ligated on the template into a unique 12-mer primer, a 64-fold reduction in the (6-mers vs. 9-mers) library size, but complete ligation of hexamers on the template is yet to be shown.
The present article describes a remarkable manyfold increase in the sequence specificity of priming by short oligonucleotides, such as hexamers or pentamers, when tandemly annealed to the DNA template, as compared to each of them separately. In DNA sequencing reactions this phenomenon results in unique priming by what we term a "modular primer," a tandem string of two or three short oligonucleotides, with no ligation required whatsoever. In contrast, the same pentamers or hexamers show nonunique, multiple priming when used "one at a time" (without adjacent partners). This effect is interpreted here as resulting in part from the increase in the affinity of the oligonucleotides for the template caused by their base-stacking, as they anneal to the template next to each other, in comparison with their annealing alone, with no neighbors. Modular primers showed a 91% success rate in sequencing reactions, which is comparable to the performance of conventional 17-mer primers.
A complete oligonucleotide library of all possible pentamer or hexamer sequences comprises only 1024 or 4096 samples, respectively, and would remove the need for synthesis ofnew primers for each walking step. Not only time but also cost per walking step is thus reduced, since the scale of oligonucleotide synthesis is sufficient to produce thousands of libraries for users. Furthermore, modular primers would allow full automation of the closed cycle of walking sequencing, which is currently impossible because of the primer synthesis stage. With processive sequencing of continuous DNA templates as long as tens of kilobases at hand, subcloning artefacts, such as DNA rearrangements, and unclonable segments would be minimized.
MATERIALS AND METHODS
Gel-purified oligonucleotides were supplied by the synthesis service of the Weizmann Institute of Science and Biotechnology General (Israel). The front modules and the control 15-mers and 18-mers were end-labeled (3) by T4 polynucleotide kinase (Boehringer Mannheim) with [y32P]ATP (6000 Ci/mmol; 1 Ci = 37 GBq; DuPont/NEN). The sequencing of M13mpl8 single-stranded DNA template (United States Biochemical) was performed with reagents from the sequencing kits for Sequenase version 1.0 (United States Biochemical) and Bst polymerase (Bio-Rad, no. 170-3404). For Bst polymerase, the ddNTP concentrations were as specified in the "extended sequencing protocol" of the kit, except that the ddNTP/dNTP ratios were as in the "standard sequencing protocol." For both polymerases, the annealing reaction volume was 12 ,l, containing 0.5 pmol single-stranded M13mpl8 template (United States Biochemical), 0.5 pmol of 32P-end-labeled front module (or 15-mer control), middle and back modules as specified in the figure legends, and 2.0 Al of buffer stock from the Sequenase kit containing 200 mM Tris HCl (pH 7.5), 100 mM MgCl2, and 250 mM NaCl or 2.0 ,ul of buffer stock from the Bst polymerase kit containing 100 mM Tris HCl (pH 8.5) and 100 mM MgCl2. For annealing, the beaker with floating microtubes was boiled for 5 min and cooled to <10°C as specified in the figure legends. The tubes were spun down at 4°C and kept on ice. Dithiothreitol (for Sequenase) and the enzyme were added and the reaction volume was split into four dideoxy termination mixtures, as described in the relevant kit manual (with no labeling step), except that the reagents were precooled and added on ice. The temperature regimes of the extension reactions are specified in the figure legends. Half of the reaction with modular primers and one-tenth of that with control primer were electrophoresed on 6% sequencing gel.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. RESULTS Modular Primer Concept. A modular primer consists of hexamers or pentamers (modules) that are not connected covalently but base-stack together upon their annealing to the template. We hypothesized (for reasons described in Discussion) and indeed found that modular primers can prime strand extension uniquely, as if their modules were linked covalently. Their priming specificity depends on the existence of one and only one site in the template where the modules can anneal next to each other.
The first modular primer we tried consisted oftwo hexamer modules (see Fig. 1 ). The "front" module, 3'-ACGCAA-5'
(the one to be extended), was end-labeled with 32p, whereas the "back" module, 3'-AGGAGC-5', in a large molar excess (5 pmol for Fig. 1 marked "6-MER" in Fig. la) typical for multiple priming. In contrast, when the adjacent back hexamer is included, a perfectly readable band pattern (lanes "6+6") emerges identical to that of the 15-mer control primer. Bst polymerase gave a similar effect (Fig. lb) , except that the front module alone showed no detectable priming. This indicates that the modular primer phenomenon is not limited to a particular DNA polymerase.
Six Tandem Hexamer Modules Tested. Fig. 2 shows the first walking step, 223 bases downstream, where six hexamers were synthesized complementary to six tandem annealing sites to try several shifted modular primers. These six hexamer modules except the last one were selected to have purine-purine-type base-stacking between them. We found that modular primers consisting of three tandem hexamer modules, 6+6+6 structure, generally worked better than two-module 6+6 structures (see Fig. 2 ). All four modular primers of the 6+6+6 type gave perfectly readable band patterns (Fig. 2 b- As a further test of the modular primers, one of these hexamer modules, 3'-AAGGGA-5', was used as a common front module for four 6+6+6 type primers in each of all four of its complementary sites in single-stranded Ml3mpl8 template (Fig. 3) . Three of them worked well. They happened to have purine-purine base-stacking in the first and the second junctions between the hexamers in the 6+6+6 structure, whereas the fourth primer, in position 3104, which produced an unreadable band pattern, had non-purine-purine stackings in both junctions. This experiment showed that the same end-labeled module could be extended by polymerase at one site or another, depending on the presence of adjacently annealed auxiliary modules.
Primers of 6+6+6 Type Showed 91% Success Rate. The purine-purine base-stacking was found superior at other sites as well. Altogether, throughout the M13 genome, we tried 31 modular primers of the 6+6+6 type (see Table 1 ). Of these, 22 had purine-purine stacking between the front and the middle modules. Of those, 20 gave readable band patterns with Sequenase (91%), and 17 did so with Bst polymerase. Such success rates are not much different from those of conventional 17-mer primers. Non-purine-purine basestacking types between the front and the middle modules in the 6+6+6 structure were also checked (see Table 1 ). Only 3 of 9 such primers worked well with Sequenase, and only 2 did so with Bst polymerase. The purine-purine base-stacking is known to have a higher energy of interaction than the other three combinations (4). The second junction, between the middle and the back modules, seems less demanding as to its base composition. Indeed, of the 12 tested 6+6+6 primers with purine-purine in the first junction and non-purinepurine in the second junction, 10 were successful with Sequenase, and 9 were with Bst polymerase.
The modular primers differed greatly in the resulting intensities of their sequencing reactions (signal strength). The secondary structure of the template around the priming site seems crucial for the modular primer efficiency. It was found that the only two 6+6+6 primers that were unsuccessful with Sequenase (of the 22 with purine-purine first stacking, see Table 1 ) were both located on one arm of an imperfect hairpin, centered at position 7148. When we blocked the other arm of the hairpin by annealing to it a complementary 18-mer, both previously unsuccessful 6+6+6 primers worked well. Therefore, when criteria are developed to avoid unfavorable secondary structures, the modular primer effi- Fig. lb) . In b-f the annealing was as in Fig. lb , except that the amounts of the middle and back modules were 40 pmol for hexamers and 200 pmol for the degenerate octamer; the amount of the front module in 6-mer lanes was 0.5 pmol for Sequenase (b-e) and 2.0 pmol for Bst polymerase (f). In b-e after precooled reagents and Sequenase were added on ice, the microtubes were transferred immediately into a water bath kept at 37°C (b, c, and e) or 48°C (d). Note that the retardation shifts of a few bases between the band patterns of modular and control primers match the staggers between the 5' ends of the front module and those of the control primer shown on top of the gels. ciency can be optimized by shifting the priming site. Parameters for further optimization may include primer structure, its G/C content, stacking types, polymerase nature, temperature and salt regimes of annealing and polymerization, etc.
The 5+5+7 and 6+8 Structures. Apart from 6+6 and 6+6+6 type primers, we also tested other structures (see Table 1 ), such as 5 +5+7 and 6+8, where the heptamers and the octamers contained two degenerate base positions each (Figs. 4 and 2f) . The Fig. 2c ) used as the front module in each of all four M13mpl8 sites complementary to it. For each of the four sites, middle and back hexamers were synthesized to anneal next to the identical six-base string. The procedures were as in Fig. 2c. but only one did so with Bst polymerase. Twelve primers of the 6+8 structure were tried (Table 1) . Of these, nine had purine-purine base-stacking of which eight gave a readable band pattern with Bst polymerase, whereas only six did so with Sequenase. The libraries of hexamer and degenerate octamer would be half the size of a hexamer library for the 6+6+6 structure if purine-purine base-stacking is required in the 6+8 structure. The reasons why the 5+5+7 structure worked better with Sequenase, while 6+8 preferred Bst polymerase, are not clear. (The 5+5+5 structure often failed with both polymerases.)
Modifications in the Technique. (i) A 6+6+6 primer (position 2668) was chosen for sequencing of the double-stranded M13 template, while the single-stranded M13 control was sequenced in parallel (both as described for Fig. 2d , except that the annealing was performed by transferring the microtubes from boiling water directly to ice water; neither alkaline denaturation nor ethanol precipitation was needed). The double-stranded template gave results similar to the single-stranded templates.
(ii) With fluorescent terminators in mind, we tested two methods of radioactive labeling. In parallel with the endlabeling of the front module with [y-32P]ATP as above, the radioactive label was incorporated with [a-32P]dATP by Sequenase during the primer extension. The primer was of the 6+6 type in position 2891 (the same as in Fig. 1 
DISCUSSION
Cooperativity Mechanism. Central to the modular primer mechanism is its cooperativity, a manyfold increase in the sequence specificity and efficiency of priming by a module in the presence of an adjacent module. The following are two of the possible reasons for this cooperativity phenomenon.
(i) The affinity of an oligonucleotide for the DNA template increases due to the annealing of an adjacent oligonucleotide (5, 6) . The base-stacking interaction between the oligonucleotides may play a role here, as may their cooperative suppression of the secondary structure of the template. The temperature ofdissociation/association of an oligonucleotide and the template is increased by several degrees in the presence of an adjacent oligonucleotide (5, 6) .
(ii) DNA polymerases may prefer more than one module annealed in tandem-e.g., longer primers are known to be more efficient substrates for polymerases (7) . This selection occurs as the polymerase interacts with the primer, regardless of the annealing preferences of the primers themselves. DNA polymerases may differ in this respect. Indeed, in most experiments, as in Fig. lb , Bst polymerase, unlike Sequenase, yielded a blank gel in reaction with a single hexamer primer, whereas the addition of the back modules resulted in a readable band pattern.
The principal difference between explanations i and ii is that the auxiliary modules boost the priming efficiency at the targeted site by stimulating annealing (in i) and/or extension (in ii) of the front module. Accordingly, the effect would take place at the stage of annealing (i) and/or polymerization (ii).
Closing (8) (9) (10) and reusable capillary gels (11, 12) reduce the sequencing electrophoresis time to <1 hr and the detection limit to a few thousand fluorescent molecules per band (10-20 mol), the modular primers can be expected to decrease the time per walking cycle to 1 or 2 hr from the time of several days it now takes.
Note Added in Proof. A somewhat different technique of modular primers has been independently developed by Studier and colleagues (13) , who use single-stranded DNA binding protein to suppress alternative priming.
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